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Great concerns have been raised about the exposure and possible adverse influence of nanomaterials due to their
wide applications in a variety of fields, such as biomedicine and daily lives. The blood circulation system and blood
cells form an important barrier against invaders, including nanomaterials. However, studies of the biological effects
of nanomaterials on blood cells have been limited and without clear conclusions thus far. In the current study, the
biological influence of quantum dots (QDs) with various surface coating on erythroid cells and graphene oxide (GO)
on macrophages was closely investigated. We found that QDs posed great damage to macrophages through
intracellular accumulation of QDs coupled with reactive oxygen species generation, particularly for QDs coated with
PEG-NH2. QD modified with polyethylene glycol-conjugated amine particles exerted robust inhibition on cell
proliferation of J744A.1 macrophages, irrespective of apoptosis. Additionally, to the best of our knowledge, our
study is the first to have demonstrated that GO could provoke apoptosis of erythroid cells through oxidative stress
in E14.5 fetal liver erythroid cells and in vivo administration of GO-diminished erythroid population in spleen,
associated with disordered erythropoiesis in mice.
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Of the popular nanomaterials, quantum dots (QDs) and
graphene have promising applications in various fields;
however, the cytotoxicty of these nanomaterials is also
largely concerned [1,2]. To date, a few studies have re-
vealed that QDs and graphene posed harm to a
spectrum of organisms and cells [3-6]. Blood cells are a
large group of cells that play critical roles in many
physiological and pathological processes. Of the blood
cells, erythrocytes are responsible for carrying oxygen,
carbon dioxide, and other wastes; whereas, macrophages
are part of the immune system responsible for inflam-
mation and the clearance of pathogens [7]. Erythropoi-
esis is a highly dynamic process that produces numerous
new red blood cells (RBCs), which requires a large
amount of iron [8,9]. Senescent erythrocytes undergo
phagocytosis by macrophages, and iron is released into
the circulation for erythropoiesis upon erythropoietic de-
mand [10]. Thus, erythrocytes and macrophages are* Correspondence: sjliu@rcees.ac.cn
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in any medium, provided the original work is pessentially involved in governing the balance of erythro-
poiesis and iron recycling in the body. Thus far, limited
work has been performed in blood cells in evaluating the
biosafety of QDs and graphene.
Previous studies have documented that QDs could
transport through the plasma membrane of RBCs,
exerting potential impairment on the survival or func-
tion of RBCs [11]. Our own studies have demon-
strated that QDs engulfed by macrophages in spleen
could cause impairment to macrophages, which trig-
gered the accumulation of aged RBCs in spleen with
splenomegaly [12]. A few other studies have also sug-
gested that graphene or graphene oxide (GO) might
impose toxicity to RBCs through hemolysis and incur
cell death and cytoskeleton destruction to macro-
phages [13-16]. To date, the cytotoxicity and related
mechanisms of QDs and graphene still remain incon-
clusive for blood cells due to limited data. To this
end, in the current study, we embarked on the cyto-
toxicity of QDs with different surface modifications to
macrophages and GO to erythroid cells. Overall, we
demonstrated significant adverse effects of QDs on
macrophages and GO on erythrocytes.pen Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
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Nanomaterials
QDs with the same core Cd/Te coated with Sn/S and the
same diameter (approximately 4 nm) modified with poly-
ethylene glycol (PEG) (QD-PEG), PEG-conjugated amine
(QD-PEG-NH2), or PEG-conjugated carboxyl groups
(QD-PEG-COOH) were purchased from Wuhan Jiayuan
Quantum Dots Co., Ltd. (Wuhan, China) [12,17]. The
evaluation of the fluorescence spectrum indicated that
the maximum emission wavelength for QDs used here
was around 605 nm, indicative of red light. GO was syn-
thesized using the Hummers method with minor revi-
sions as previously described [18]. The size of GO was
300 to 1,000 nm, and the thickness was approximately
1 nm [18]. GO suspension was stable for at least 1 month.
GO suspension was diluted in phosphate buffered saline
(PBS) for the following experiments.
Animal experiments
Regarding the GO administration in vivo, 6-week-old
BALB/C male mice were intraperitoneally injected with
200 μl GO suspension at a concentration of 1 mg/ml
(10 mg/kg body weight) every 3 days for 3 weeks. Con-
trol mice received PBS only. Twenty four h after the
final administration, blood was collected via the heart,
and complete blood count (CBC) analysis was carried
out using a whole blood analyzer at Peking University
Health Center. After the mice were sacrificed, organs
were collected.
Characterization of cell population in organs by
fluorescence-activated cell sorting
After perfusion with saline, livers were perfused with
0.05% collagenase and then minced and resuspended in
0.05 g/ml collagenase type IV (Sigma-Aldrich, St. Louis,
MO, USA) in Hank's balanced salt buffer [18]. The sam-
ples were then incubated in the solution without either
cadmium or magnesium for enzymatic digestion at 37°C
for 30 min. The digested samples were passed through
70 μm filters. The cells were resuspended in PBS and
then incubated with fluorescein isothiocyanate (FITC)-
conjugated anti-F4/80 mAb (eBioscience Inc., San Diego,
CA, USA) for the selection of macrophage population.
Phycoerythrin (PE)-conjugated anti-Ter119 mAb (BD
Pharmingen, Franklin Lakes, NJ, USA) was applied to
cell suspension for erythroid cell selection. After wash-
ing, the cells were analyzed on a fluorescence-activated
cell sorting (FACS) Calibur™ (BD Biosciences, San Jose,
CA, USA). Splenocytes were similarly prepared from the
spleen for FACS analysis.
Cell culture and treatment
Mouse J774A.1 (purchased from the Shanghai Cell Bank
of Type Culture Collection of the Chinese Academyof Sciences, Shanghai, China) were cultured in DMEM
(Hyclone, Thermo Fisher Scientific, Waltham, MA, USA),
supplemented with 10% fetal bovine serum (Gibco,
Carlsbad, CA, USA) and 100 U/ml penicillin/streptomycin
(Gibco). E14.5 fetal liver cells were isolated and cultured as
described [19].
Determination of cadmium mass
Regarding the assessment of intracellular cadmium mass,
J774A.1 cells cultured in 10-cm plates were exposed to
QDs for 24 h. Thereafter, the cells were collected and
washed with PBS for three times, and cells were digested
with HNO3 and H2O2 (3:2, v/v) by microwave-assisted ex-
traction. After the removal of acid, the digested samples
were diluted to 5 ml, and Cd mass was assessed using in-
ductively coupled plasma mass spectrometry (ICP-MS)
(Agilent 7500, Santa Clara, CA, USA) according to the
protocol as previously described [20]. A series of cadmium
standard solutions (10, 5, 2, 1, 0.5, 0.2, and 0 ng/g) were
prepared to conduct a standard curve for the calibration of
Cd concentration.
Cell proliferation assay
Cell proliferation was evaluated by the BrdU incorp-
oration assay (Roche, Penzberg, Germany). Briefly,
the cells were seeded in 96-well plates with 5.0 × 104
cells per well in 100 μl. The cells were starved in 1%
FBS serum medium overnight. The cells were then
treated with 47 μg/ml QDs for 48 h, and cell growth
was examined according to the instructions provided
by the manufacturer.
Confocal laser scanning microscopy
After exposure to 47 μg/ml QDs for 24 h, the cells were
fixed by formaldehyde, followed by a wash with 1% Triton
X-100 in PBS. FITC-conjugated phalloidin (Molecular
Probes, Invitrogen Corporation, Grand Island, NY, USA)
was used to stain filamentous actin (F-actin), and nuclei
were counterstained with 4',6-diamidino-2-phenylindole
(DAPI) (blue) (Molecular Probes). Laser scanning confocal
microscopy was performed to image cells as previously
described [21].
Reactive oxygen species measurement
After preincubation with 10 μM 2'-7'-Dichlorodihydro-
fluorescein diacetate (DCFH-DA) (Sigma-Aldrich) for
30 min, the J774A.1 cells seeded in 24 well-plate (1.0 × 105
per well) were treated with QDs at 47 μg/ml for 6 h. After
treatment, the emission spectra of dichlorodihydro-
fluorescein (DCF) fluorescence at 525 nM were measured
using FACS Calibur™ (BD Biosciences). The E14.5 fetal
cells were similarly cultured and preincubated with DCFH-
DA. Thereafter, the cells were washed with PBS, and
treated with 10, 20, 40, and 80 μg/ml GO for 15 min, 0.5 h,
Qu et al. Nanoscale Research Letters 2013, 8:198 Page 3 of 9
http://www.nanoscalereslett.com/content/8/1/1981 h, and 6 h, respectively, followed by DCF fluorescence
determination.
Cell death by fluorescence-activated cell sorting analysis
For apoptosis analysis of erythroid cells from spleen,
splenic cell suspension was co-stained with PE-conjugated
anti-Ter119 Ab, FITC-conjugated Annexin V and 7-
amino-actinomycin D (7AAD). The cell death of eryth-
roid cells was determined with the channels of Annexin
V fluorescence and 7AAD fluorescence by gating
Ter119+ cells. With respect to J774A.1 cells, after ex-
posure to QDs for 24 h, the cells were subject to
FITC-conjugated Annexin V and propidium iodide (PI)
staining. Apoptotic and necrotic cells were assessed by
FACS as described previously [22]. The E14.5 fetal liver
cells were treated with 20 μg/ml GO for 18 h, and cell
death was then similarly examined.
Statistical analysis
One-way analysis of variance (ANOVA) was employed
to assess the mean difference among the groups com-
pared to control. The difference between the two groups
was analyzed with two-tailed Student's t test. All experi-
mental data were shown in mean ± SD. P < 0.05 was
considered to be statistically significant.QD-PEG-NH2 Cont
(A)
(B)
Figure 1 Biological influence of QDs on J774A.1 cells. (A) Bright field imag
47 μg/ml for 5 days (×40). (B) The bar graph represents the relative cellular
PEG-NH2 for 5 days (n = 50). (C) Cell proliferation was evaluated with the Br
different surface modifications for 24 h (n = 6). Asterisk indicates P < 0.001.All animal care and surgical procedures were approved
by the Animal Ethics Committee at the Research Center
for Eco-Environmental Sciences, Chinese Academy of
Sciences.
Results and discussion
Our recent study demonstrated that QDs coated with
PEG could impair the morphology and the ability of
J774A.1 macrophages in phagocytosis; however, no sig-
nificant cytotoxicity in survival was observed in these
cells [12]. We then studied the potential effect of surface
modification on QD-mediated cytotoxicity to macro-
phages. A small number of J774A.1 cells in 6-well plates
(5.0 × 104/well) were seeded and treated with QD parti-
cles precoated with PEG, PEG-NH2, or PEG-COOH,
and the cells were then observed for 5 days. As shown
in Figure 1A, the number of cells upon QD-PEG or QD-
PEG-COOH treatment was 21.4 × 104 and 19.3 × 104,
similar to that in the control (P > 0.05); however, the num-
ber of cells treated with QD-PEG-NH2 was 4.7 × 10
4,
much lower than that in the control (P < 0.001). Moreover,
the relative cellular flat surface area was measured with the
Image-Pro-Plus software (Media Cybernetics, Rockville,
MD, USA), and the results indicated that the average size
per cell was reduced by approximately 20% compared toQD-PEG-COOHQD-PEG 
(C)
es of J774A.1 cells treated with QDs with different surface modifications at
flat surface area of J774A.1 cells treated with 47 μg/ml QDs coated with
dU incorporation assay upon treatment with 47 μg/ml QDs with
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mechanisms responsible for the cytotoxicity of QD-PEG-
NH2 to J774A.1 macrophages, we individually assessed cell
proliferation and apoptosis. The BrdU incorporation assay
indicated that the cell division of J774A.1 cells upon QD-
PEG-NH2 exposure for 24 h was greatly diminished by ap-
proximately 40% compared to the control (P < 0.001), and
cell growth was rarely affected in cells treated with QD-
PEG or QD-PEG-COOH (Figure 1C), suggesting a robust
inhibition of QD-PEG-NH2 on cell proliferation. To ex-
clude possible involvement of cell death induced by QD-
PEG-NH2, we therefore surveyed apoptosis and necrosis
with FACS analysis after PI and FITC-conjugated Annexin
V staining. Annexin V binds to phosphatidylserine that lo-
calizes on the outer surface of cell membrane, which is an
early event in apoptosis and PI stains nucleus of necrotic
cells [23]. As shown in Figure 2, the proportion of cells
representing early apoptosis (Q4 region, Annexin V+PI−),
necrosis (Q1 region, Annexin V-PI+), and late apoptosis or
necrosis (Q2 region, Annexin V+PI+) remained similar
among different treatments after 24 h compared to the
control, demonstrating that QDs with these kinds of sur-
face modifications exerted no cell death to J774A.1 cells.
It has also been reported that QD treatment could












Figure 2 Cell death of J774A.1 cells in response to QD treatment. Rep
with 47 μg/ml QDs with different surface modifications assessed by FACS areactive oxygen species (ROS) [24]. We thus assessed
intracellular ROS generation in J774A.1 cells upon QD
treatment with FACS analysis of DCF fluorescence. As
shown in Figure 3, an increase of intracellular ROS could
be determined in cells upon 6-h treatment similarly with
QD-PEG, QD-PEG-COOH, and QD-PEG-NH2 particles,
compared to the control (Figure 3, P < 0.05). The increase
of ROS generation was close among the three types of
QDs (Figure 3, P > 0.05). These data together indicated
that ROS production was independent of surface modifica-
tion on QDs, and ROS did not account for the cytotoxicity
of QD-PEG-NH2 particles in repressing the proliferation of
J774A.1 cells.
To further search for the mechanism responsible for
the cytotoxicity caused by QD-PEG-NH2 particles, we
examined the intracellular localization of QDs inside the
cells. We first employed the technique of confocal mi-
croscopy to survey intracellular localization of QDs in
J774A.1 cells, through staining the cytoskeleton with
FITC-conjugated phalloidin (green) and nucleus with
DAPI (blue). After 24-h exposure, the cells were treated
as previously described [12], and fluorescence for nuclei,
cytoskeleton, and QDs were visualized through confocal
laser scanning microscopy. As shown in Figure 4A, QDs







resentative images of cell death of J774A.1 cells after 24-h treatment



















Figure 3 ROS generation upon QD treatment in J774A.1 cells. FACS analysis of the relative intensity of DCF fluorescence reflecting intracellular ROS
level after exposure to QDs with different surface modifications at 47 μg/ml in fetal liver cells for 6 h.
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cells upon different treatments with QD-PEG, QD-PEG-
COOH, or QD-PEG-NH2 particles. The intracellular inten-
sity of QD-PEG-NH2 particles was brighter than that in
the cells treated with QD-PEG-COOH or QD-PEG parti-
cles, indicating enhanced localization of QD-PEG-NH2
particles in cytoplasm (Figure 4A). To confirm this finding,QD-PEG-NH2 QD-PE
(A)
(B) P<0.05
Figure 4 Localization of QDs in J774A.1 cells. (A) Cells after treatment with
phalloidin. Fluorescence for DAPI (blue), FITC (green), and QDs (red) was exami
merged together. Original magnification, ×400. (B) Intracellular cadmium mass
was analyzed by ICP-MS (n = 3).we determined the total Cd mass inside the cells using
ICP-MS. As shown in Figure 4B, the Cd concentration was
the highest in QD-PEG-NH2-exposed cells compared to
that in the cells treated with QD-PEG or QD-PEG-COOH
(> twofold,). Increased cellular uptake of QD-PEG-NH2
particles could be interpreted as being caused by a high af-
finity between QD-PEG-NH2 particles and cell membrane,QD-PEG-COOHG
47 μg/ml QDs for 24 h were co-stained with DAPI and FITC-conjugated
ned through confocal laser scanning microscopy. The three colors were
in cells after exposure to QDs with different surface modifications for 24 h
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through endocytosis and diffusion [25,26]. Therefore, the
inhibition of cell proliferation by QD-PEG-NH2 particles
presumably resided in their substantial accumulation
within the cells.
It was reported that GO exposure led to cytotoxicity to
macrophages [15]. It was also documented that GO
could cause hemolysis in vitro [13]. Thus far, the bio-
logical performance of GO on erythroid progenitor cells
has not been investigated. We here assessed the impact
of GO exposure on primary E14.5 fetal liver cells, which
are predominantly erythroid progenitor cells with a small
portion of other types of cells, such as macrophages
[19,27,28]. GO provoked the substantial cell death of
E14.5 fetal liver cells via apoptosis, as shown in Figure 5A,
the percentages of Q4 (early apoptosis) plus Q2 (late
apoptosis) were significantly increased in GO-treated
cells (at 20 μg/ml, P < 0.05) compared to the control
cells. Overall, the apoptotic cells (Annexin V+) increased
considerably upon exposure to GO in comparison to the
control cells (29.9% vs. 49.2%, Figure 5A, P < 0.05). It
should be noted that in spite of only a small propor-
tion of macrophages in fetal liver, they are indispens-
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Figure 5 GO-triggered cell death of erythroid cells through apoptosis
GO treatment at 20 μg/ml for 24 h using Annexin V and PI staining. (B) FA
GO exposure at various concentrations at different time points in fetal liver
treated with GO at different concentrations and along time course comparof erythroblastic islands [29]. We also observed a slight
increase of necrosis in fetal liver cells treated with GO
(Figure 5A), which was presumably due to the difference
of fetal liver macrophages from erythroid cells in terms
of their process of death (i.e., necrosis for macrophages
upon GO treatment).
Our recent study suggested that sodium arsenite
induced substantial oxidative stress (ROS synthesis),
resulting in apoptosis on erythroid cells [30]. We there-
fore assessed the intracellular ROS level in fetal liver
cells after GO treatment. As shown in Figure 5B, the
DCF fluorescent intensity was greatly enhanced in fetal
liver cells treated with GO at various concentrations
for only 15 min (Figure 5B, P < 0.001). The clear shift
of DCF fluorescent peak continued at 0.5, 1, and 6 h
(Figure 5B, P < 0.001). These results together sug-
gested that GO-induced apoptosis in erythroid cells
was likely dependent on ROS-mediated oxidative stress,
similar to the mechanism responsible for arsenic-
stimulated apoptosis in erythroid cells [30]. Addition-
ally, GO treatment was here determined to cause cell
death in erythroid cells via apopotosis, similar to a study
demonstrating that graphene stimulated ROS generation
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. (A) Representative FACS images describing fetal liver cell death upon
CS analysis of relative fluorescent intensity reflecting ROS content after
cells. ANOVA was used to determine the mean difference in cells
ed to control.
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medulla [4].
To substantiate the finding of GO-induced cell death
on erythroid cells, we performed in vivo exposure of GO
in mice. Considerable thrombus formation could be in-
duced by intravenously injected GO, indicating that this
method of exposure is not applicable for repeated ad-
ministration of GO in evaluating its death-inducing ef-
fect on blood cells [18,31]. Thus, in the current study,
intraperitoneal injection was selected for GO treatment
in mice. No mortality in any group was found, and no
signs of gross toxic symptoms (such as body weight loss
and abnormal activity or diet) were observed (data not
shown). The CBC analysis indicated that the RBC num-
ber in peripheral blood was reduced by 17% in GO-
exposed mice compared to the control mice (Figure 6A,
P < 0.05), accompanied by a significant decrease of
hemoglobin (HGB) concentration (Figure 6B, P < 0.05)
and hematocrit (HCT) (Figure 6C, P < 0.05). These re-
sults suggested that GO treatment greatly impaired
RBCs, leading to a reduced number in peripheral blood,
and also supported the finding of GO-mediated cell
death on erythroid cells (Figure 5).
To validate the effect of GO on the survival of erythroid


















Figure 6 Results of CBC indexes. After a 3-week treatment, mice were sacrif
analysis. (A) Red blood cell (RBC) counts, (B) hemoglobin concentration (HGB),
suspensions were stained with PE conjugated with Ter119+ to label erythroid pcells from spleen. Since bone marrow and spleen are active
sites of erythropoiesis in early course, we looked at the pro-
portion of erythroid cells in spleen and bone marrow with
FACS analysis. As shown in Figure 6D, there was a signifi-
cant reduction (approximately 10%) of Ter119+ population
(representing erythroid cells) in spleens from mice admin-
istrated with GO compared to the control (P < 0.05), indi-
cating that GO exposure diminished erythroid cells in
spleen. To substantiate this observation, we assessed the
cell death of Ter119+ cells by simultaneously staining the
splenic cells with PE-conjugated anti-Ter119 Ab, FITC-
conjugated Annexin V, and 7AAD [30]. Similar to PI,
7AAD was used to label necrotic dead cells. Under
the FACS analysis, Ter119+ cells were selected for the
determination of cell death with Annexin V and 7AAD
(Figure 7). Compared to the control mice, there was a
significant increase in the percentage of apoptotic
Ter119+ cells in spleens from the GO-exposed mice
(Figure 7, P < 0.05). However, these changes of a decrease
in the erythroid cell population and an increase of eryth-
roid apoptosis were not observed in the bone marrow (data
not shown). These findings revealed that GO exposure
could result in a great reduction of splenic erythroid cells
through apoptosis but not for bone marrow erythroid cells.










iced, and peripheral blood was collected via the heart followed by CBC
and (C) hematocrit (HCT). (D) After mincing of spleens, the single-cell


















Figure 7 GO-promoted cell death of splenic erythroid cells. FACS analysis of proportion of apoptotic erythroid cells (Ter119+ cell population).
The single-cell suspensions from spleens were simultaneously stained with PE-conjugated anti-Ter119 Ab, FITC-conjugated Annexin V, and 7AAD
to sort the apoptotic Ter119+ in spleens. After sorting in the first left gate, Ter119 positive cells were selected and then further analyzed for cell
death. The quantified data for the average percentage of apoptotic Ter119+ cells are shown in the bar graph (n = 4).
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bone marrow through circulation and a higher sensitivity
to apoptosis of erythroid progenitors in spleen than those
in bone marrow as well [22,32]. Together, these findings
demonstrated that GO greatly impaired erythroid popula-
tion through inducing cell death of erythroid cells.
Conclusions
The blood circulation system is an important barrier
against invaders, including nanomaterials under biomed-
ical applications or environmental absorption. The blood
cells are primarily responsible for governing their traf-
ficking and systemic translocation. Since RBCs are the
most abundant cell population in peripheral blood (4.1
to 5.9 × 106/ml RBCs vs. 4.4 to 11.3 × 106/ml white
blood cells in humans), these cells presumably have a
much greater probability of exposure to nanomaterials
in the circulation after administration, with possible ad-
verse effects such as hemolysis [33-35]. For clearance of
nanomaterials from the circulation, the macrophages are
responsible for recognizing and ingesting these particles
[36]. Therefore, the nanomaterials transporting in thecirculation or deposited within macrophages could cause
harm to these cells as well as to the immune system. To
date, studies on toxicity of QDs and GO to RBCs or mac-
rophages have been limited and without conclusive an-
swers, and this certainly warrants detailed investigation.
Our combined results demonstrated that QDs could be
readily engulfed by macrophages and provoked intracel-
lular ROS generation. Particularly, QDs coated with
PEG-NH2 had a greater capability for entering the cells
and revealed a robust ability to repress the proliferation
of J774A.1 cells. This indicated that surface modification
could be optimized to ensure the function and the safety
of QDs as well. Meanwhile, to the best of our knowledge,
the biological impact of graphene on erythroid progeni-
tor cells has not been previously reported. Our study is
the first to demonstrate that GO could provoke apoptosis
of erythroid cells in vitro and in vivo. These data suggested
that GO could likely possess the potential to disrupt the
concerted balance of erythropoiesis in mammalians includ-
ing humans. Thus, the adverse effects of GO on RBCs
warranted further detail investigation, especially for humans
under biomedical and environmental exposure.
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